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ABSTRACT Laboratory feeding experiments using transgenic Bacillus thuringiensis (Bt) cotton
plants were carried out to evaluate the transmission of Bt toxin among trophic levels and the effects
of Bt-fed herbivorous prey on the coccinellid predator Propylaea japonica (Thunberg). The exper-
imental host plants were transgenic Bt-expressing cotton cultivars, NuCOTN 33B and GK-12 and one
corresponding untransformed isogenic (non-Bt) cultivar. The herbivorous prey, cotton aphid Aphis
gossypii Glover, was not sensitive to Bt toxin. Trace amounts of Bt toxins (6.0 ng/g fresh mass [FM]
in GK-12, 4.0 ng/g FM in NuCOTN 33B) were detected in A. gossypii feeding on Bt cotton cultivars.
Bt toxin was detected in ladybirds preying onBt-fed aphids, and its quantity increased as the predatory
period extended (5Ð20 d). Small amounts of Bt toxin was also found in newly hatched, unfed
coccinellid larvae when their parents fed on NuCOTN 33B-reared aphids (15.0 ng/g FM), but not
when the parents were fed on GK-12Ðreared prey. In experiments assessing life history consequences,
mortality was low (mean � 7.9%), conÞrming that the rearing methods were appropriate. There were
no distinct differences in preimaginal mortality between predators reared on Bt-fed or Bt-free aphids.
The preimaginal stages of the ladybird beetles developed faster when reared on prey fed on either
Bt-cotton cultivar than those fed control prey. There was a trend of more adult malformations when
the predator was fed with prey from one (GK-12) but not the other of the Bt cotton cultivars than
on control prey. There were no signiÞcant differences in the preovipositing period or in fecundity.
Ladybird beetles preying on Bt-reared aphids matured faster and mated more frequently than those
fed on Bt-free aphids. These results indicate that Bt toxin expressed in transgenic cotton cultivars can
be transmitted to a higher trophic level through a nontarget pest insect and may alter the biology and
behavior of a predatory ladybird. Further work should evaluate the possible long-term, sublethal
impacts on the agroenvironment under Þeld conditions.
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ADOPTION RATES OF TRANSGENIC insect-resistant crops
producing activated �-endotoxins of the soil bacte-
rium Bacillus thuringiensis (Bt) are among the highest
for a new agricultural technology (James 2004). Trans-
genic plants produce the B. thuringiensis proteins in
high doses and in most of their tissues throughout the
season. This insecticidal toxin could become available
to natural enemies in a new and modiÞed form
through nonsusceptible or sublethally affected non-
target herbivores prey feeding on these plants (Jepson
et al. 1994). This could constitute an important path-
way for the ecological impacts of transgenic plants
(Andow and Hilbeck 2004), and several experiments

have sought to test such potential impacts (for a re-
view, see Lövei and Arpaia 2005).

One of the major genetically modiÞed crops is cot-
ton, and most of it is insect-resistant because of pro-
ducing of Bt insecticidal protein (James 2004). China
is one of the Þrst countries in that commercialized Bt
cotton developed to resist its major pest the cotton
bollworm, Helicoverpa armigera (Hübner) (Lepidop-
tera: Noctuidae), was planted.Bt cotton was Þrst com-
mercially planted in northern China (Fang and Jia
1999). A substantial reduction of pesticide use in cot-
ton growing has been achieved (Fang and Jia 1999,
Zhang et al. 2000, Pray et al. 2002). However, the
populations of several other pests, including the cot-
ton aphid (Aphis gossypiiGlover) (Homoptera: Aphi-
didae), cotton whiteßy [Bemisia tabaci (Gennadius)]
(Homoptera: Aleyrodidae), and the green leaf bug
(Lygus lucorum Mayer-Dűr) (Hemiptera: Miridae),
have increased (Wilson et al. 1992, Fitt et al. 1994, Cui
and Xia 1997, Zhang et al. 2000, Liu et al. 2002). This
increases the importance of predatory natural ene-
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mies, further underlying the necessity to explore the
potential nontarget impacts of Bt crops on them
through the food chain.

The ladybird predator, Propylaea japonica (Thun-
berg) (Coleoptera: Coccinellidae), is a common, na-
tive insect species in China (Fang and Zhang 1998).
Both the larvae and adults are natural enemies of
aphids, thrips, and spider mites, as well as preying on
eggs and young larvae of Lepidoptera (Fang and
Zhang 1998). P. japonica does not avoid Bt-containing
prey: in laboratory tests, newly hatched H. armigera
larvae fed on transgenic Bt-cotton (Event 93-4)
suffered higher predation rates by the coccinellids,
P. japonica and Coccinella septempunctata L., than
nonÐBt-fedH.armigera larvae (Cui and Xia 1999). The
impact of Bt-fed prey on predators is variable and
unpredictable. The development of Chrysopa sinica
Tjeder larvae is retarded, and the larval survivorship is
decreased when fed with B. tabaci nymphs reared on
transgenic Bt cotton NuCOTN 33B compared with
rearing on non-Bt cotton cultivar Simian 3 (Guo et al.
2004). No differences were found on preimaginal de-
velopment, larval survivorship, or adult body mass
when P. japonica fed with B. tabaci nymphs reared on
transgenicBt cotton (Guo et al. 2004). However, adult
survivorship of both Bt-Bemisia fed predators was
lower, which may indicate that B. tabaci is not an
optimal prey for eitherC. sinica or P. japonica (Guo et
al. 2004). A different response may be obtained when
the predator P. japonica is reared on A. gossypii, an
optimal prey species.

The objectives of this study were (1) to investigate
whether A. gossypii ingests Bt toxins when feeding on
Bt cotton; (2) to establish whetherP. japonica takes up
Bt toxin when fed with cotton aphis reared on Bt
cotton; and if it does, (3) to evaluate the toxic effects
ofBtcotton onP. japonica, through its prey,A. gossypii.

Materials and Methods

Plant Material

The Bt-producing transgenic cotton cultivar, GK-
12, expressing the combined Cry1Ac/Ab fusion gene
(Xie et al. 1991) was provided by Liangshan Cotton
Seed Company (ScientiÞc Research Bases of Institute
of Biotechnological Research of CAAS, Shandong
Province, China). NuCOTN 33B expressing the
Cry1Ac gene (Perlak et al. 1990) was provided by
Monsanto and Hebei Jidai Cotton Seed Integrated
Company (Shijiazhuang, Hebei Province, China).
Simian 3, the corresponding isogenic nontransformed
cultivar of GK-12, was provided by Siyang Cotton Raw
Material Farm (Jiangsu Province, China).

Planting and Management

The seeds of Simian 3 and GK-12 were soaked in
warm (50�C) water for �2 h before planting; seeds of
NuCOTN 33B were sown directly. Two to three cot-
ton seeds were sown in each pot (plastic pots, 110 by
90 mm in diameter, Þlled with nutrient solution-sat-

urated vermiculite). Five trays (40 pots/tray) were
sown for each cultivar. Seven to 10 d later, a new lot
of cotton seeds were planted. All plants were fertilized
with a nutrient solution [0.2 g KNO3, 0.2 g KH2PO4,
0.8 g FePO4, 0.1 g Ca(NO3)2, and 0.2 g MgSO4, dis-
solved in 1,000 ml water] every 5Ð7 d. The Bt and
non-Bt cultivars were kept in different greenhouses.

Insect Rearing Conditions

Aphis gossypii. Cotton aphids used in this study
originated from adults and nymphs collected in a non-
transgenic Bt cotton (Simian 3) Þeld located at the
Institute of Crop Germplasm Resources of CAAS, Bei-
jing, between the end of July and early August. The
aphids were kept on the cotton seedlings of the three
cultivars, each for 30Ð50 d (four to seven generations).
At 10- to 15-d intervals, new cotton plants were pro-
vided to ensure ad libitum prey for the experiments.
Fifteen to 20 d later, when the population densities
reached 30Ð50 individuals per leaf, the aphids were
used as prey for P. japonica. The cotton aphids were
reared on the three cotton cultivars in greenhouses
(the Bt and non-Bt separately) set at identical condi-
tions: 22.4 � 1�C, 68.0 � 5% RH, and a L:D photoperiod
of 16:8 h.
Propylaea japonica. Propylaea japonica adults were

collected in a maize Þeld located in the Institute of
Crop Breeding and Cultivation of CAAS in Beijing,
China, at the end of September. Three adult pairs were
caged in each insect rearing jar (cylindrical, 100 mm
diameter, 160 mm tall). These beetles were fed with
Chinese white poplar aphids, Chaitophorus populial-
bae (Boyer de Fonscolombe). In total, 60 male and
female adults were reared in the growth room. Ten
days later, eggs laid were collected in petri dishes
(70 by 20 mm) and allowed to hatch at 26 � 1�C.

Performance of P. japonica

The newly hatched coccinellid larvae (�12 h) were
weighed individually on an electronic balance (0.01
mg precision) and then transferred with a Þne brush
onto a cotton leaf populated with 30Ð50 aphids. The
young larvae were individually reared on the appro-
priate cotton plants in plastic containers (66 by 42 mm
diameter, sealed with porous plastic wrap) at 25 � 1�C,
70 � 5% RH, and L:D photoperiod of 18:6 h. In total,
50, 51, and 51 P. japonica larvae were individually fed
with aphids reared on the respective cotton cultivars
Simian 3, GK-12, and NuCOTN 33B. P. japonica larvae
were examined twice daily, and their development
and mortality were recorded. Body masses of larvae in
every instar, as well as adults, were measured on the
Þrst day of molting or on the day of eclosion, respec-
tively. Freshly emerged adults were checked for mal-
formations.

On the day of emergence, the newly emerged adults
were paired randomly in a plastic container containing
cotton leaf populated with plenty of aphid prey (�200
aphids). The status of mating and numbers of eggs laid
by each female were recorded daily. The eggs laid on
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the cotton leaf were removed every day, put in a petri
dish, and allowed to hatch at 25�C. The petri dishes
containing P. japonica eggs were changed at the same
time. The eggs were checked daily, and the freshly
emerged larvae were counted, weighed, and killed by
freezing at �20�C. Twenty days later, the adults were
also killed and kept at �20�C for further analysis. The
frequencies of mating � [(numbers of mated/num-
bers of paired) � 100%] and oviposition � [(numbers
of oviposition/numbers of mated) � 100%] were cal-
culated. The premating and preovipositing periods
were recorded.

In a different experiment, run concurrently, a fur-
ther 40 newly hatched P. japonica larvae for each
cotton cultivar were similarly fed with aphids until
they developed into adults. Five, 10, and 15 d after
emergence, 10 adults (5 females and 5 males) were
preserved at �20�C, respectively, to test for Bt toxin
content.
Propylaea japonica reared on aphids feeding on con-

ventional Simian 3 cotton are hereafter referred to as
“conventional ladybird beetles”; P. japonica reared on
aphids feeding on Bt GK-12 cotton are hereafter re-
ferred to as “Bt GK ladybird beetles”; and P. japonica
reared on aphids feeding on Bt NuCOTN 33B cotton
are hereafter referred to as “Bt Nu ladybird beetles.”

Bt Toxin Analysis

Cry1Ab or Cry1Ac protein levels in cotton plants,
cotton aphids, and P. japonicawere determined using
a double sandwich ELISA kit (BtCry1Ab and Cry1Ac
ELISA PathoScreen kits for respective BtCry1Ab and
Cry1Ac endotoxins in plants; Agdia, U.S.A.) following
the manufacturerÕs instructions. Cry1Ab and Cry1Ac
standards (containing in respective Cry1Ab and
Cry1Ac ELISA kits) at concentrations 0.5, 1.0, 2.0, 4.0,
8.0, 16.0, and 32.0 ng/ml were used as calibrators,
respectively. The amounts of the target proteins were
measured by a microtiter plate reader (MR 550; Bio-
Rad Laboratories, U.S.A.) at 630 nm together with
above calibrations on each plate.

To quantify Bt toxin in the cotton aphid and the
ladybird, protein was extracted from aphids reared
either on transgenic Bt or non-Bt cotton cultivars or
from ladybirds fed either on Bt- or nonÐBt-reared
A. gossypii.Ten samples fromA. gossypii reared on the
respective cotton cultivar and predator fed with the
aphid reared on Bt- or non-Bt cotton cultivar were
analyzed, respectively. The extraction procedures
were as follows: 11.21 � 0.23 (SE) mg (100 aphids)
cotton aphid nymphs and adults were homogenized in
0.55 ml microsome extract buffer (0.4 g nonfat dried
milk and 0.5 g Tween-20 in 100 ml phosphate buffered
saline Tween-20 buffer) resulting in a 1:50 wt:vol di-
lution, centrifuged at 12 000 r.p.m. for 10 min, and 100
�l/well of undiluted supernatant was transferred onto
enzyme linked immunoabsorbent assay (ELISA)
plates. For P. japonica, 10 adults (5 males and 5 fe-
males) from each 5-, 10-, 15-, and 20-d-old fed with
respective transgenic Bt or non-Bt cotton cultivar
aphids from hatching were sampled, respectively. Sin-

gle adults were weighed (5.06 � 0.12 [SE] mg) and
homogenized in 0.506 ml MEB buffer and centrifuged
as above, and 100 �l/well of undiluted supernatant
was transferred onto ELISA plates. Additionally, 10
samples of unfed neonates (10 neonates for each sam-
ple), hatched from the eggs laid by the above females,
were tested for their Bt content. Neonates weighed
1.93 � 0.11 (SD) mg, and they were homogenized in
0.386 ml MEB buffer amd centrifuged as above, and
100 �l/well of the undiluted supernatant was trans-
ferred onto ELISA plates.

To evaluate the producing of Cry1Ab or Cry1Ac
in respective transgenic Bt cotton lines (GK-12 and
NuCOTN 33B), 10 Bt plants each at Þve- to seven-
developed-leaf stage were randomly selected, and
200-mg pieces from tender tips (two to three unde-
veloped leaves per tip, each at 20Ð30 mm diameter)
were homogenized in 1 ml MEB buffer and centri-
fuged as above, and the supernatant was diluted 1:5
before transferring onto ELISA plates. Controls were
10 randomly selected plants of the conventional cot-
ton line, Simian 3, prepared as above (except that
these were not diluted).

Data Analysis

The differences in the amount of Bt toxin produced
in the tender tips of the two transgenic Bt cotton
cultivars and ingested byA. gossypii reared on respec-
tive Bt cotton cultivars were tested using StudentÕs
t-tests. One-way analysis of variance (ANOVA), with
post hoc least signiÞcant difference (LSD) tests were
conducted on the body mass of fourth-instar larvae
and adults of P. japonica, on the Bt toxin content in
different day-age adults and newly hatched larvae, on
the age at Þrst observed mating and preovipositing
periods, and on the numbers of observed mating and
numbers of eggs laid by individual female during egg
laying period in the Þrst 20 d. Nonparametric binomial
tests were conducted on total developmental mortal-
ity and on frequencies of malformation, mated fe-
males, and ovipositing females. Nonparametric tests
(K independent samples: Kruskal-Wallis H; two inde-
pendent samples: Mann-Whitney U tests) were per-
formed on the developmental duration of larva, pupa,
and the total preimaginal period.

Calculations were performed using SPSS software
(SPSS 1999).

Results

Transmission of Bt Toxin to Predator P. japonica
Through A. gossypii

On average, 49.2 ng Cry1Ab/g plant fresh mass
(FM) and 94.2 ng Cry1Ac/g plant FM were detected
in the tender tips of transgenic GK-12 and NuCOTN
33B (both Bt cotton), respectively (Table 1). Adults
and nymphs of A. gossypii contained 6.0 ng/g FM Bt
toxin (no negative response in 10 tested samples) and
4.0 ng/g FM (four negative responses in 10 tested
samples) when reared on GK-12 and NuCOTN 33B
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cotton, respectively. No Bt toxin was detected in the
tender tips of cultivar Simian 3 (control cotton) or in
A. gossypii reared on this cultivar (Table 1).

The Bt toxin was passed on to the predator P. ja-
ponica through its prey reared on Bt cotton plants.
When the adult fed for increasing lengths of time on
Bt plantÐassociated prey, from 5 to 20 d, the amount of
accumulated Bt toxin increased from 13.5 ng/g pred-
ator FM to 34.0 ng/g predator FM when fed GK-
12Ðreared cotton aphids (5, 2, 1, and 0 negative re-
sponses in 10 respective tested samples of 5-, 10-, 15-,
and 20-d-old the ladybird beetles), and from 9.0 to
24.0 ng/g when fed NuCOTN 33BÐreared cotton
aphids (6, 3, 1, and 0 negative responses in 10 respec-
tive tested samples of 5-, 10-, 15-, and 20-d-old the
ladybird beetles; Fig. 1). In the case of NuCOTN 33B
host plants, the Bt toxin was transmitted to progeny as
well: newly hatched, unfed P. japonica larvae, origi-
nating from parents fed NuCOTN 33BÐreared cotton
aphids, contained 15.0 ng/g predator FM ofBt toxin (2
negative responses in 10 tested samples; Fig. 1). Trace
amounts of the toxin were also detected in the non-Bt
control samples of P. japonica adults (�6 ng/g pred-
ator FM; 1, 3, 6, and 2 positive responses in 10 tested

samples of each tested day [5, 10, 15 and 20 d] adults),
possibly because of contamination or a cross-reaction
with other proteins (Dutton et al. 2002).

Effects of Bt Cotton on Development and
Reproduction of P. japonica

Survival, mating behavior, and fecundity of P. ja-
ponicawere not affected signiÞcantly when Bt cotton
plants were used as a host plant for the prey aphids
(Tables 2 and 3; Fig. 2). In contrast, the larval stage of
conventional ladybird beetles was signiÞcantly
shorter (6.6 d) than that of Bt GK ladybird beetles
(7.1 d; StudentÕs t-test: t � 3.021, df � 91, P � 0.003)
but no different from that of Bt Nu ladybird beetles
(6.5 d), even though conventional ladybird beetles
matured slower than either Bt GK ladybird beetles
or Bt Nu ladybird beetles (Table 2). Female Bt GK
ladybird beetles were heavier than female Bt Nu la-
dybird beetles or conventional ladybird beetles
(Fig. 2A). Second-instar male conventional ladybird
beetles had a lower body mass than either BtGK or Bt
Nu ladybird beetles (Fig. 2B), but this difference was
gone by the time the animals were adults, at which
point there was a nonsigniÞcant trend for male con-
ventional ladybird beetles to have more mass than
either Bt GK or Bt Nu ladybird beetles (Fig. 2B).

The proportions of mated female Bt Nu and Bt
GK ladybird beetles that oviposited were lower
than that of mated female conventional ladybird
beetles (Simian 3: noviposited � 10, nmated � 12; GK-12:
noviposited � 11, nmated � 16; NuCOTN 33B: noviposited

� 9, nmated � 14; binomial test, PGK-12 versus Simian 3 �
0.121,PNuCOTN 33B versus Simian 3 � 0.074; Table 3), even
though female Bt Nu and Bt GK ladybird beetles en-
gaged in signiÞcantly more matings and were 2 d
younger than female conventional ladybird beetles
when they Þrst mated (Table 3). There was a trend for
Bt GK ladybird beetles to suffer more malformations

Fig. 1. Mean � SE Cry1Ab or Cry1Ac toxin content in 5-, 10-, 15-, and 20-d-old P. japonica adults (A5, A10, A15, A20)
fed with A. gossypii reared on Bt or non-Bt cotton plants throughout the entire adult life from hatching and in newly hatched
P. japonica larvae (L1) produced by the above adults. Data within same group followed by different letters are signiÞcantly
different at P� 0.05 (one-way ANOVA, LSD tests). n.d., not detected. The minimum detectable quantity of Bt toxin of the
ELISA kits is 0.5 ng/g FM.

Table 1. Mean � SE Cry1Ab or Cry1Ac toxin content in tender
tip (two to three undeveloped leaves per tip, each at 20- to 30-mm
diameter) of Bt cotton and A. gossypii fed on transgenic Bt cotton

Cotton cultivar

Bt toxin content (ng/g FM)

Tender tip of
cotton plants

Aphis
gossypii

Simian 3 (non-Bt) ND ND
GK-12 (Bt) 49.2 � 3.4* 6.0 � 1.0
NuCOTN 33B (Bt) 94.2 � 5.2 4.0 � 1.5

The minimum detectable quantity of Bt toxin of the ELISA kits is
0.5 ng/g FM.

* SigniÞcantly different between two transgenicBt cotton cultivars
at P � 0.01 (StudentÕs t-test).

ND, not detected.
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than conventional ladybird beetles (binomial test;
nnormal � 45, nmalformed � 2; P� 0.066). No such trend
was observed in Bt Nu ladybird beetles and conven-
tional ladybird beetles (nnormal � 47, nmalformed � 1;
P � 0.488; Table 3).

Discussion

A laboratory test is always an approximation of Þeld
conditions; thus, the Þrst point is to consider how
realistic our results are. We consider that the rearing
conditions were appropriate, because our control
mortality was at the very low end of reported values
(Lövei and Arpaia 2005). Thus, despite elements of
unrealistic conditions (unlimited prey, single prey
type, no choice, uniform temperature) that are not
common under Þeld conditions (Lövei and Arpaia
2005), we believe the cases reported here can be
expected to occur under Þeld conditions.
Bt toxin was taken up from the transgenic cotton

plants byA. gossypii, and this was detected in the aphid
by ELISA (6.0 ng/g Cry1Ab [GK-12] and 4.0 ng/g
Cry1Ac [NuCOTN 33B]; Table 1). Subsequently, the
Bt toxins accumulated in the aphid gut and were thus
delivered in increased concentration to the predatory
ladybird P. japonica. An amount of 13.5Ð34.0 ng/g
Cry1Ab (GK-12) or 9.0Ð24.0 ng/g Cry1Ac (NuCOTN
33B) toxin was detected in P. japonica adults (both Bt
cotton cultivars) and even in their progeny (NuCOTN
33B only) when feeding on GK-12Ð and NuCOTN
33BÐreared A. gossypii from hatching to eclosion

(Fig. 1). The different performances between Nu-
COTN 33B and GK-12 on the tested ladybird beetle
can be caused by more Bt toxin detected in NuCOTN
33B than in GK-12 cotton (Table 1) or by the plant
background of both Bt cotton cultivars (Perlak et al.
1990, Xie et al. 1991).

The shortening of the premating period, trend of
more malformed individuals, and (despite more mat-
ings) fewer ovipositing adults (Table 3) indicated
that transgenic cotton, genetically engineered to pro-
duce the Bt toxin, may adversely affect the reproduc-
tive biology of this important natural enemy. The
overall impact of these on the population dynamics of
P. japonica and A. gossypii under agricultural condi-
tions is difÞcult to assess. Malformation always results
in unsuccessful matings (G.-F. Zhang, unpublished
data), and unmated female individuals cannot lay any
eggs (Lü et al. 1983). The adults ofP. japonicacan mate
more than once during their lifetime, even though
more eggs are produced when the females mate once
versus several times (Wei and Ran 1983). Further-
more, the population of P. japonica could not increase
if the adults mate but no eggs are produced.

Reduced body mass of P. japonicamay be caused by
suboptimal prey (indirect effects) or associated with
Bt-related causes (direct effects) (Dutton et al. 2002).
First-instarChrysoperla carnea(Stephens) larvae have
signiÞcantly reduced body mass when fed Spodoptera
littoralis (Boisduval) larvae reared on Bt maize
(Cry1Ab) (Dutton et al. 2002). Young P. japonica
larvae also have lower body mass when fed for 72 h

Table 2. Duration of development of different stages of P. japonica fed on cotton aphids reared on transgenic Bt and non-Bt cotton

Cotton cultivar

Development duration (d)a Total
developmental
mortality (%)bLarval stage Pupa

Hatching to
eclosion

Simian 3 (non-Bt) 6.6 � 0.2a 4.6 � 0.1a 11.2 � 0.2a 10.0a
GK-12 (Bt) 7.1 � 0.1b 3.5 � 0.1b 10.6 � 0.1b 7.8a
NuCOTN 33B (Bt) 6.5 � 0.1a 3.8 � 0.1c 10.3 � 0.1b 5.9a

Data are means � SE.
Means within a column followed by different letters are signiÞcantly different at P � 0.05.
aNonparametric testsÑK independent samples: Kruskal-Wallis H; two independent samples: Mann-Whitney U tests.
bNonparametric tests: binomial test.

Table 3. Effects of nontransgenic versus transgenic Bt cotton on developmental and reproductive characteristics of P. japonica

Cotton cultivar

No. of
adults

emerged
(� 	 �)

Frequency of
malformation

(%)a

Frequency of
mated

females
(%)a

Age at
Þrst

observed
mating
(d)b

Preoviposition
period
(d)b

No. of
observed

matings/�b

Frequency of
ovipositing

females
(%)a

Fecundity
(no. of

eggs/�)b

Simian 3 (non-Bt) 29	16 0a 75.0a 5.6 � 0.3a 6.8 � 0.4a 1.1 � 0.1a 83.3a 27.7 � 5.5a
GK-12 (Bt) 23	24 4.3a 69.6a 3.5 � 0.3b 5.6 � 0.5a 2.4 � 0.4b 68.8a 16.8 � 2.8a
NuCOTN 33B (Bt) 17	31 2.1a 82.4a 3.6 � 0.6b 7.7 � 1.7a 2.1 � 0.3b 64.3a 33.0 � 10.1a

Data are means � SE.
Means within same columns followed by different letters are signiÞcantly different at P � 0.05.
Frequency of malformation � [(numbers of malformed)/(numbers of malformed 	 numbers of normal)] � 100%.
Frequency of mated females � [(numbers of mated)/(numbers of paired)] � 100%.
Frequency of ovipositing females � [(numbers of ovipositing female)/(numbers of mated female)] � 100%.
Fecundity � numbers of eggs produced by the adult during its egg laying peak period in the Þrst 20 d.
aNonparametric tests: binomial test.
bOne-way ANOVA, LSD tests.
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with 24-h-old NuCOTN 33BÐreared S. litura (F.) lar-
vae (Zhang et al. 2006). A combined interaction of
poor prey quality and Cry1Ab or Cry1Ac may account
for the negative effects. C. carnea larvae are not sen-
sitive to Cry1Ab when sucrose solutions containing a
range of Cry1Ab concentrations, reaching 0.1% mg/
ml, are used as food of Þrst-instarC. carnea (Romeis et
al. 2004). Because A. gossypii is one of the optimal
preys of P. japonica (Song et al. 1988, Fang and Zhang
1998), the reduced body mass found in this study,
associated with the lines containingBt toxin, may have
been caused by food quality changes triggered by the
host plant.

The presence of insect-resistant GM products (e.g.,
insecticidal proteins) does not necessarily cause det-
rimental effects, especiallywhennontargetherbivores
are exposed to it. For example, Bt endotoxin-produc-
ing potatoes, genetically engineered for resistance to
Colorado potato beetles [Leptinotarsa decemlineata
(Say)], caused no detrimental effects on the survival,
aphid consumption, development, or reproduction in
the aphidophagous ladybird beetle, Hippodamia con-
vergens (Guérin-Ménéville), feeding on Myzus persi-
cae (Sulzer) reared on the Bt potato plants (Dogan et
al. 1996). Bt maize (producing Cry1Ab protein)
caused no adverse effects on the survival, develop-
ment, or mass of C. carnea after feeding on Rhopalo-
siphum padi L. (Bt toxin concentration 20 ng/g FM)

and Tetranychus urticae (Koch) (Bt toxin concentra-
tion 2.5 �g/g FM) reared on the maize plants (Dutton
et al. 2002). While it was suggested that the aphid does
not take up the Bt toxin (Dutton et al. 2002), the
presence of signiÞcant amounts of Bt toxin in spider
mites (2.5 �g/g FM) indicates that the effect (or lack
of effect) is not simply a function of the amount of
toxin. A. gossypii feeding on Bt cotton contains similar
amounts of Bt toxin (this study) to that of R. padi
feeding on Bt maize (Dutton et al. 2002), yet the
effects were different. The coccinellid predators in
our experiments accumulated the toxin and may pass
some of it on to their progeny. The consequences of
such transmission are not yet known.

In some instances, however, negative effects can be
found. C. carnea larvae, fed small larvae of S. littoralis
or Ostrinia nubilalis (Hübner) reared on Bt maize
(Cry1Ab), suffer a signiÞcant increase in mortality
and a delay in development (Hilbeck et al. 1998).
Similar effects, a signiÞcantly increased mortality,
and a delay in development were found on C. sinica
fed with B. tabaci reared on Bt cotton NuCOTN 33B
(Guo et al. 2004). Usually, the lepidopterous larvae
and B. tabaci are suboptimal prey for both lacewings
and ladybird beetles (Fang and Zhang 1998), and the
observed effects could indicate a combined effect of
Btexposure and nutritional deÞciency (the “sick prey”

Fig. 2. Relative body mass (body mass of ladybird beetle reared with nonÐBt-fed aphids minus that of reared with Bt-fed
aphids) of four larval stages (L1, L2, L3, and L4) and adults (A) of P. japonica fed with Bt cotton (GK-12 and NuCOTN
33B)Ðfed aphids compared with nonÐBt cotton (Simian 3)Ðfed aphids. Data within same developmental stage followed by
different letters are signiÞcantly different at P � 0.05 (one-way ANOVA, LSD tests). A, female; B, male.
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syndrome) (Hilbeck et al. 1998, Dutton et al. 2002,
Guo et al. 2004, Zhang et al. 2006).

Furthermore, a recent study on Bt cotton DP99B
and GK-12 (expressing the Cry1Ac gene and
Cry1Ab/Ac fused gene, respectively), genetically en-
gineered for resistance to H. armigera, has shown the
potential for Bt toxicity to affect predatory lacewing
larvae (C. formosa Brauer) through the nontarget
aphid herbivore prey A. gossypii (Guo et al. 2005).
Development was faster, but cocoon mass decreased
when cultivar DP99B (Bt-expressing line)Ðreared
A. gossypiiwere given to the predator; female longev-
ity as well as egg viability also decreased (Guo et al.
2005). Peach-potato aphid (M. persicae) prey kept on
transgenic potatoes expressing GNA (snowdrop lec-
tin, Galanthus nivalis agglutinin, to make them resis-
tant to the aphid) caused signiÞcantly reduced fecun-
dity, egg viability, and longevity in the two-spot
ladybirds Adalia bipunctata L. (Birch et al. 1999).

During the early season (i.e., from planting to the
appearence of ßower buds), the density as well as the
population dynamics of predators in Bt cotton Þelds,
Event Zhongmian 30 (producing Cry1Ac toxin) (Wan
et al. 2002) and GK-12 (Wu and Guo 2003), are similar
to those in conventional cotton Þelds. However, after
pesticide spraying at the end of June, the numbers of
predators decrease by 72.4Ð94.0% (Wan et al. 2002,
Wu and Guo 2003) in conventional cotton Þelds com-
pared with Bt Þelds. Spiders show similar effects (Liu
et al. 2004). Overall, Bt cotton may have less negative
inßuence on natural enemies than conventional cot-
ton growing, at least in China.

However, our results on P. japonica, together with
those on C. formosa (Guo et al. 2005), C. carnea (Hil-
beck et al. 1998, Dutton et al. 2002) and A. bipunctata
(Birch et al. 1999), suggest that tritrophic effects of
antipest transgenes (also called plant incorporated
protectants) on nontarget predators may be more
widespread than previously assumed. Our laboratory
Þndings have been conÞrmed by Þeld data: Bt toxins
(Cry1Ab or Cry1Ac) are present inA. gossypiinymphs
and adults,H. armigera larvae, and even in P. japonica
adults and larvae collected from Bt cotton Þelds
(GK-12 and NuCOTN 33B) (Zhang et al. 2004). Our
selected predator, P. japonica, feeds on aphids, spider
mites, thrips, and also on lepidopteran eggs and young
larvae in cotton Þelds (Fang and Zhang 1998). In a
Þeld situation, it might be unlikely that the predators
complete their entire development by only feeding on
one Bt cottonÐrelated prey species. Nevertheless, fur-
ther work should be performed on closely monitoring
for possible longer-term, sublethal impacts of trans-
genic crops genetically engineered for insect resis-
tance on the agroenvironment after commercial re-
lease.
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Lü, Y. X.,W. J. Zhang, Q. Pei, and Y. Zh. Liao. 1983. Biology
and breeding of ladybird,Propylaea japonica(Thunberg).
Nat. Enem. Insects. 5: 33Ð38.

Perlak, F. J., R. W. Deaton, T. A. Armstrong, R. L. Fuchs,
S. R. Sims, J. T. Greenplate, and D. A. Fischoff. 1990.
Insect resistant cotton plants. Biotechnol. 8: 839Ð943.

Pray, C. E., J. K. Huang, R. F. Hu, and S. Rozelle. 2002. Five
years of Bt cotton in China-the beneÞts continue. Plant J.
31: 423Ð430.

Romeis, J., A. Dutton, and F. Bigler. 2004. Bacillus thurin-
giensis toxin (Cry1Ab) has no direct effect on larvae of
the green lacewingChrysoperla carnea (Stephens) (Neu-
roptera: Chrysopidae). J. Insect Physiol. 50: 175Ð183.

Song, H. Y., L. Y. Wu, G. F. Chen, Z. Ch. Wang, and
Q. M. Song. 1988. Biological characters of ladybird-bee-
tle, Propylaea japonica (Thunberg). Nat. Enem. Insects.
10: 22Ð23.

SPSS. 1999. Release 10.0 version for Windows. SPSS, Chi-
cago, IL.

Wan, F. H., W. X. Liu, and J. Y. Guo. 2002. Comparison
analyses of the functional groups of natural enemy in
transgenic Bt-cotton Þeld and non-transgenic cotton
Þelds with IPM, and chemical control. Acta Ecol. Sinica.
22: 935Ð942.

Wei, J. H., and R. B. Ran. 1983. Studies of Propylaea ja-
ponica. Nat. Enem. Insects. 5: 89Ð93.

Wilson, F. D., H. M. Flint, W. R. Deaton, D. A. Fischhoff,
F. J. Perlak, T. A. Armstrong, R. L. Fuchs, S. A. Berberich,
N. J. Parks, and B. R. Stapp. 1992. Resistance of cotton
lines containing aBacillus thuringiensis toxin to pink boll-
worm (Lepidoptera: Gelechiidae) and other insects.
J. Econ. Entomol. 85: 1516Ð1521.

Wu, K. M., and Y. Y. Guo. 2003. Inßuences of Bacillus thu-
ringiensis Berliner cotton planting on population dynam-
ics of the cotton aphid,Aphis gossypiiGlover, in northern
China. Environ. Entomol. 32: 312Ð318.

Xie, D. X., Y. L. Fan, W. Ch. Ni, and J. Q. Huang. 1991.
Transgenic plants obtained by transforming insecticidal
crystal protein genes of Bacillus thuringiensis into cotton.
Sci. China Ser. B. 4: 367Ð373.

Zhang, G. F., F. H. Wan, J. Y. Guo, and M. L. Hou. 2004.
Expression of Bt toxin in transgenic Bt cotton and its
transmission through pests Helicoverpa armigera and
Aphis gossypii to natural enemy Propylaea japonica in
cotton plots. Acta Entomol. Sinica. 47: 334Ð341.

Zhang, G. F., F. H. Wan, W. X. Liu, and J. Y. Guo. 2006.
Early instar response to plant-delivered Bt-toxin in a her-
bivore (Spodoptera litura) and a predator (Propylaea ja-
ponica). Crop Prot. doi:la1016/j.cropro.2005.08.008. On-
line 12 Oct. 2005.

ZhangX. K., L.M.Wang, L. R. Xu, Y. Zhou, Sh. L.Wang, and
R. Zh. Liu. 2000. Population dynamics of insect pests
and natural enemies in transgenic Bt cotton Þelds. Shan-
Dong Cotton Industry. 2: 12Ð19.

Received for publication 2 July 2005; accepted 1 November
2005.

150 ENVIRONMENTAL ENTOMOLOGY Vol. 35, no. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/35/1/143/374714 by guest on 17 M

ay 2023


